W NV is a member of the flavivirus genus, comprising globally important emerging and re-emerging pathogens, including dengue virus (DENV), Zika virus (ZIKV), Japanese encephalitis virus (JEV) and Yellow Fever virus (YFV) 1 . Flavivirus are small, positive-sense RNA viruses that are translated as a single polyprotein and processed into structural (capsid, prM and Env) and non-structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) proteins. During infection, flaviviruses utilize host machinery to carry out replication and must subvert antiviral Type I interferon and cell-intrinsic pathways. Screening strategies have provided a wealth of information regarding host restriction and susceptibility factors in WNV infection 2-9 . However, it is unclear if these factors interface with viral proteins to impact infection and the plethora of factors identified is probably incomplete.
the remaining 13 impact WNV and DENV or ZIKV. In total, we identified 40 genes with a phenotype in at least one flavivirus. Notably, eight WNV-interacting proteins impacted infection of all three viruses. We focused on PYM1, which interacts with flavivirus capsids. PYM1 is an EJC-associated protein with a role in NMD, a cellular RNA degradation pathway [16] [17] [18] [19] [20] [21] . We show that flaviviruses inhibit NMD and components of both the EJC and NMD pathway are antiviral against WNV, DENV and ZIKV. EJC association with messenger RNA elicits NMD and we demonstrate that the EJC protein RBM8A binds to WNV RNA, suggesting that NMD targets viral RNA. Moreover, WNV antagonizes this process through PYM1, relocalizing the EJC and inhibiting interactions with viral RNA. Collectively, the results of our proteomics/genomics approach identifies alternative facets of the virus-host arms race.
Results
Constructing an WNV-host protein-protein map. To identify human proteins that physically interact with WNV proteins, we cloned each of the 10 WNV proteins expressing a C-terminal 2X-Strep affinity tag (Fig. 1a ). Using immunoblotting, we verified expression of the affinity-tagged WNV proteins, as well as expression of DENV and ZIKV capsid, by transient transfection into HEK293 cells ( Supplementary Fig. 1 ). Proteins not robustly detected by western blot or mass spectrometry (NS2A and NS2B) were excluded from further analyses ( Supplementary Fig. 2 ). WNV proteins were affinity-purified and eluted to collect WNV bait and associated host prey proteins (Fig. 1b ). Eluates were analysed by western blotting and silver staining ( Fig. 1c) , followed by in-solution mass spectrometry. In total, we identified ~7,000 co-purifying
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host proteins from HEK293 cells from quadruplicate replicates for all WNV baits (Supplementary Table 1 ).
High-confidence WNV-interacting host proteins. To prioritize reproducible, bait-specific PPIs, we analysed four replicates for each bait protein with two different APMS scoring algorithms: mass spectrometry interaction statistics (MIST) 12 and COMPPASS 15 . The WNV proteins with the highest number of interacting host proteins were capsid, NS4B and NS5 (Fig. 1d ). To identify the pathways targeted by WNV, we performed gene ontology enrichment analysis on host proteins, revealing an enrichment of interactors associated with RNA processing, vesicle localization, and endoplasmic RNA processing Translation Establishment of vesicle localization Cellular amino acid metabolic process Cellular macromolecular complex assembly RNA secondary structure unwinding Axo-dendritic transport Generation of precursor metabolites and energy Cellular macromolecule catabolic process mRNA metabolic process Single-organism catabolic process DNA conformation change RNA 3ʹ-end processing Monoubiquitinated protein deubiquitination Silver-stained bands corresponding to WNV bait proteins are indicated by arrows. Experiments for western blot and silver stain images were repeated four times with similar results. d, The number of interacting host proteins present in the final WNV-host PPI map is indicated for each bait protein. e, Bar graph representing enriched terms using the following resources: KEGG pathway, gene ontology biological processes, gene ontology molecular function, reactome gene sets, canonical pathways and CORUM biological processes. Further details of enrichment analysis are outlined in the Methods. The magnitude of the bars in the graph represent statistical significance (-log 10 (P) value). For all enrichment analyses, n equals four biologically independent experiments. These data were generated with all host interacting proteins for all WNV bait proteins that were above our selected cut-off (Supplementary Table 2 ) using Metascape. P values were calculated based on the accumulative hypergeometric distribution and the most statistically significant term within a cluster was chosen as the representative category for each cluster.
reticulum (ER) protein processing, consistent with the intricate relationship between flaviviruses and the ER ( Fig. 1e and Supplementary  Table 3 ) 22 . Following our analysis, we identified 259 high-confidence interacting host proteins for WNV capsid, prME, NS1, NS2B-NS3, NS3, NS4A, NS4B and NS5 ( Fig. 2 and Supplementary Table 2 ). Our high-confidence interactome revealed a total of 89 (~35%) of the WNV-interacting proteins identified in this study also interacted with the analogous viral proteins in previous flavivirus APMS studies and 31 (~12%) affected flavivirus infection in previous genetic screens ( Supplementary Table 4 ) [2] [3] [4] [5] [6] [7] [8] [9] .
Host processes and complexes interact with WNV proteins. We used a database of known human-human protein interactions to overlay additional connections between host proteins to identify multiprotein complexes ( Fig. 2 ). We identified several complexes that interact with WNV, including interactions between NS5 and the AP3 adaptor complex, previously shown to be required for flaviviral infection 8, 23 . We also find components of the spliceosome interacting with WNV NS5 and capsid; a recent PPI study found connections between DENV NS5 and core components of the host splicing machinery 24 . Interestingly, we identified three members of the tumour-necrosis factor-ɑ (TNF-ɑ)/necrosis factor-κ (NF-κ) B signalling complex (ANR28, PPP6, PP6R1) as interaction partners of WNV NS5.
Capsid interactions are conserved between flaviviruses. To identify shared flavivirus-host protein interactions, we compared the WNV-host interactors with similar datasets from DENV (serotype 2 strain 16681) and ZIKV (French Polynesia 2013 H/FP/2013). This revealed that the most significant overlap between all three viruses was shared between capsid-interacting host proteins (P < 0.01, Fig. 3a,b and Supplementary Table 5 ). An examination of the protein sequence similarity between the capsid proteins of these flaviviruses revealed ~40% similarity by pairwise analysis (Fig. 3c ). In contrast, NS5 is the most conserved across these flaviviruses (~70%) ( Supplementary Fig. 3 ). Although the conservation between capsid proteins is not high, the significance of overlap between interactors suggests significant structural and functional conservation between these proteins.
Capsids interact with nucleolar proteins in the nucleolus. Gene ontology enrichment analysis for flavivirus capsid interactors revealed significant overlap in categories including RNA processing, ER protein processing and nucleolar proteins ( Fig. 3d and Supplementary  Table 6 ). We performed subcellular localization and gene ontology enrichment analysis on the interactors for each WNV bait protein ( Fig. 3e, Supplementary Fig. 5 and Supplementary Table 7 ). This revealed that the non-structural proteins, NS2B-NS3, NS4A and NS1, are enriched for ER interactions. Notably, NS4B is highly enriched for mitochondrial interactions, consistent with studies suggesting that flavivirus NS4B can localize to the mitochondria 25 TM9S3   SYVN1   SCD5   GTR1   CJ112   GNPAT   TMX3   KBL   GSTK1   1A29  TGFR1   AASS   1A32   THIL   1A26   AR6P6  ADPGK   TBG1   SYAM   EMC1  EHD4   1A25   1A66   GLPK   MMSA   ALDH2   ELYS   LYAG   ETFA TOIP2   OPA1   SYEM   RAB5C   SYTM   EFGM   GALK1   DCAF8   APT   LONM   IDH3G   A4   AMPL   1A43   1A33   SYIM   IDH3B   AL7A1   NUP98   CPSM   ES1   MTX1 1B58 NS5 proteins of DENV, JEV, YFV are thought to localize to the nucleus, nuclear localization of WNV NS5 has not been observed 26 . Flavivirus (DENV, JEV and WNV) capsid proteins can localize to the nucleus, and nucleolar localization has been reported for DENV, JEV and WNV capsid proteins [26] [27] [28] . We confirmed that WNV, DENV and ZIKV capsids are in the nucleolus during infection, as they co-localize with a known nucleolar protein, fibrillarin ( Fig. 3f ). Ectopic expression of WNV capsid also localizes to the nucleolus ( Supplementary Fig. 4a ). As expected, capsid also resides in the cytoplasm, consistent with the roles for capsid in viral replication. Of the 72 WNV capsid interactors shown, 21 were identified in DENV or ZIKV, and 10 of these are known to be nucleolar ( Fig. 3g and Supplementary Table 6 ). These findings are consistent with a recently published report identifying several nucleolar proteins as interaction partners of ZIKV capsid 29 . We focused on the nucleolar dead-box helicase protein, DDX55, and confirmed an interaction with WNV capsid via co-immunoprecipitation ( Fig. 3h ). We also showed the nucleolar localization of DDX55 by immunofluorescence ( Supplementary Fig. 4b ), as well as colocalization of native DDX55 and capsid in WNV-infected cells ( Supplementary Fig. 4c ). We found that DDX55 is antiviral, as depletion of DDX55 using two distinct siRNAs results in an increase in viral titre for all three flaviviruses ( Fig. 3i and Supplementary Fig. 4d ).
RNA interference (RNAi) screening uncovers host factors that interact with WNV proteins and impact flavivirus infection.
Next, we set out to determine which WNV-host interactions are most relevant by identifying those that influence WNV replication. We selected 122 WNV-interacting factors, including the 21 WNV capsid-interacting proteins shared between WNV and DENV or ZIKV (Supplementary Table 8 ). We pooled two siRNAs targeting each host factor in a 384-well plate, performed each screen in duplicate and analysed the results with automated immunofluorescence microscopy ( Fig. 4a ). We used positive controls (siWNV-capsid, siAT-PV0C) as well as a scramble siRNA negative control (siCON). First, we quantified the total cell number and excluded those wells that had less than 70% viability, compared to the plate average. Next, we calculated robust z-scores for the percentage infection ( Fig. 4b ). Of the 88 factors that were non-toxic, 26 (~30%) had an effect on WNV infection ( Fig. 4b and Supplementary Table 8 ). We identified 12 antiviral and 14 proviral genes, including previously identified factors influencing flaviviral infection (Supplementary Table 4 ) 2, 3, 5, 8, 9, 30, 31 .
We next determined which interactors impact the replication of the related flaviviruses, DENV and ZIKV ( Fig. 4c ). We confirmed an effect with the positive controls as appropriate (siDENV/ ZIKV NS5, siDENV-capsid, siWNV-capsid, siATPV0C) and not the negative control (siCON) ( Fig. 4c ). Of the non-toxic genes (88 genes), we identified host factors that are specific to WNV infection (13, ~15%), as well as those that had an effect on WNV and either DENV or ZIKV (13, ~15%), and those influencing infection of all three flaviviruses (8, 9%) . Notably, of the non-toxic interactors tested, 40 (45%) had an effect on at least one flavivirus, including host factors previously implicated in flavivirus infection (VCP and FAM8A1) ( Fig. 4c and Supplementary Table 8 ) 9 . Of the 48 capsid interactors tested, 18 (~38%) had a phenotype in infection with one or more flaviviruses ( Fig. 4c and Supplementary Table 8 ). Interestingly, several of the nucleolar capsid-interacting proteins were shown to be antiviral across multiple flaviviruses, including DDX55 ( Fig. 3i ), CCDC86 and POP1, suggesting that the nucleolus may be important in host antiviral defence.
Flavivirus capsid proteins interact with PYM1 and flavivirus infection inhibits NMD. PYM1 interacted with all three flavivirus capsids and this interaction was observed in a recent ZIKV-human interaction study ( Fig. 3g and Supplementary Table 5 ) 29 . Previously, we identified PYM1 as an HCV capsid (core)-interacting protein with a proviral role in infection 14 . In contrast, our data indicated that PYM1 is antiviral against flaviviruses ( Fig. 4c and Supplementary  Table 8 ). We confirmed the WNV capsid-PYM1 interaction by co-immunoprecipitation with Strep-tagged WNV capsid and V5-tagged PYM1 (Fig. 5a ). We demonstrated this interaction in the context of viral infection by immunoprecipitating native PYM1 from WNV-infected cells and detecting the interaction with native WNV capsid, but not with another viral protein, NS1 ( Fig. 5b ). Moreover, we showed co-localization of WNV capsid and PYM1 in infected cells by immunofluorescence ( Supplementary Fig. 6a ). We confirmed the antiviral phenotype of PYM1 outside of the context of screening with two distinct siRNAs targeting PYM1, measuring WNV RNA by quantitative PCR with reverse transcription (RT-qPCR) ( Fig. 5c and Supplementary Fig. 6b ) and viral titres from control and PYM1-depleted cells (Fig. 5d ). We validated the interaction of V5-tagged PYM1 with Strep-tagged DENV and ZIKV capsid ( Fig. 5e ). We also validated the antiviral phenotype for both DENV and ZIKV on PYM1 depletion with two distinct siRNAs ( Fig. 5f ).
PYM1 is implicated in RNA processes, including the EJC, translation and NMD [16] [17] [18] [19] [20] [21] . NMD is an RNA decay pathway that can target diverse RNAs for degradation and is known to impact infection of multiple RNA viruses 14, 32, 33 . However, it is unknown whether WNV infection interferes with NMD activity. Therefore, we first determined if WNV, DENV or ZIKV infection alters NMD by monitoring endogenous targets. These include an NMD target generated through alternative splicing (SC35), a long 3' UTR-containing target (GABARAPL1), a 5' uORF-containing target (ASNS) and CARS, which has an unknown NMD-inducing feature [34] [35] [36] . We measured the abundance of these NMD targets during infection and found an increase in SC35, GABARAPL1, CARS and ASNS over 48 hours with all three infections ( Fig. 6a and Supplementary  Fig. 7a ) 35 . This accumulation is more pronounced and appears to be induced at earlier time points during WNV infection. We observed a less-pronounced, but statistically significant, increase in NMD targets during DENV infection. As a control, we measured the housekeeping gene, LDHA, and observed no accumulation on infection ( Supplementary Fig. 7b ). To establish a role for PYM1 in NMD during flaviviral infection, we show that depletion of PYM1 in WNV-infected cells results in a further accumulation of the long 3' UTR-containing NMD target, GABARAPL1, but not SC35 ( Supplementary Fig. 7c ).
PYM1 (partner of Y14 and MAGOH) interacts with and promotes the recycling of the EJC proteins, MAGOH and RBM8A (Y14), which can target transcripts to NMD 16, 18 . Indeed, tethering PYM1, MAGOH or RBM8A to an RNA target leads to NMD-dependent degradation 16, 37 . To determine if the antiviral role of PYM1 is related to its EJC function, we tested the role of MAGOH in viral infection. We validated knockdown of MAGOH and confirmed that MAGOH depletion inhibits NMD ( Supplementary Fig. 8a) 38, 39 . We observed an increase in WNV, DENV and ZIKV infection in MAGOH-depleted cells, as compared to control cells ( Fig. 6b ). Given that PYM1 and the EJC complex are involved in NMD, we next determined if NMD itself is antiviral against flaviviruses. Therefore, we depleted a canonical and essential component of NMD, UPF1, and confirmed both knockdown ( Supplementary Fig. 8b , left panel) and inhibition of NMD by accumulation of the NMD target SC35 using two distinct siRNAs ( Supplementary Fig. 8b , right panel). We monitored infection in UPF1-depleted cells via RT-qPCR and observed an increase in WNV, DENV and ZIKV RNA (Fig. 6c ). These data suggest that NMD is antiviral and that the interaction between WNV capsid and PYM1 may subvert this process.
We next tested whether the WNV capsid-PYM1 interaction interferes with PYM1 function. We immunoprecipitated PYM1 from uninfected cells and observed interactions with the EJC complex proteins MAGOH and RBM8A. However, these interactions are diminished on WNV infection, suggesting disruption of these associations (Fig. 6d ). We did not observe a significant change in abundance of MAGOH and RBM8A during WNV infection ( Fig. 6d ), but reasoned that disruption of their interactions with PYM1 may alter the localization of these proteins. Therefore, we performed fractionation experiments in uninfected and WNVinfected cells and monitored the relative abundance of MAGOH and RBM8A in the WCL, and cytoplasmic, nuclear and membrane/organelle fractions ( Fig. 6e ). While the total abundance of MAGOH and RBM8A is unchanged in infected WCLs, we observed decreased abundance in the cytoplasmic fraction, with a concomitant increase in the membrane/organelle fraction on infection. This suggests that WNV infection leads to sequestration of PYM1 and disruption of EJC protein function. Interestingly, we observed a change in the localization of PYM1 on infection ( Fig. 6e ). Given that WNV capsid binds and sequesters PYM1, attenuating its interaction with MAGOH and RBM8A, we hypothesized that depletion of PYM1 may induce this mislocalization. Indeed, we found that depletion of PYM1 results in a similar redistribution of these EJC proteins ( Supplementary Fig. 8c ). These data suggest that WNV capsid inhibits the function of MAGOH and RBM8A by altering the localization of these proteins. PYM1, MAGOH and RBM8A are RNA-binding proteins involved in NMD and tethering any of these proteins to an RNA target leads to NMD-dependent degradation 16, 37 . Therefore, we hypothesized that one of these proteins may serve that function by directly binding WNV RNA. To test this, we used a modified cross-linking immunoprecipitation (CLIP) protocol in which we cross-linked RNA-binding proteins to RNA in WNV-infected cells, immunoprecipitated native PYM1, MAGOH or RBM8A and determined the abundance of viral RNA using RT-qPCR (Fig. 6f) , and immunoprecipitated protein by immunoblot ( Supplementary Fig. 8d ) in the eluates. We normalized the viral RNA to a non-specific control (18S RNA) and compared the relative amount of bound viral RNA to an IgG control. These experiments revealed a specific interaction between viral RNA and RBM8A (Fig. 6f ). Next, we tested whether loss of PYM1 or MAGOH might impact RBM8A binding ZIKV   DAP3  CSNK2B  SYVN1  DDX55  CCDC86  PYM1  POP1  ABCB10  ATRX  DDX10  CSDA  GADD45GIP1  OS9  RDH11  VCP  MSH2  ZC3H13  TMX3  FAM8A1  ANXA2  SART1  UBR5  AP3D1  IWS1  NSUN2  NAP1L4  TFB1M  DKC1  DDX28  EIF3C  KIF2A  DHX57  YPEL5  AHCYL2  DNAJC9  PDIA6  CSNK2A1  UBQLN1  siCon2  HDGFRP2  PURA  TMED4  UBAP2  RSL1D1  YTHDF1  ZC3H8  HP1BP3  PRPF38B  SNRPA  NOP16  SRPK1  TCOF1  C3orf26  FCHO2  STX4  LARP1  MTA2  WDR22  CTCF  PDIA3  GYS1  ERC1  RRP1B  PPM1G  SRSF5  BAG2  DDX50  CYP51A1  WDR75  SET  TMEM214  ICT1  PTCD3  RMDN3  ERP44  STXBP3  XRN2  IGF2BP2  ZFR  PIP4K2A  YTHDC2  HIST1H1D  SARS2  CAD  FARS2  UBQLN2  HUWE1  POLRMT  STRBP  TSR1  HDLBP  GPATCH8  STUB1  ZRANB2  ZC3HAV1 WNV-interacting host proteins were depleted using a pool of 2 siRNAs for each target (x axis). The screen was performed with two independent biological replicates and robust z-scores of WNV infection are plotted for each individual replicate. b, The average robust z-score for each of the 88 (non-toxic) genes calculated from two independent biological replicates is shown. c, siRNA screening against WNV, DENV and ZIKV performed with two independent biological experiments. The colours in the heat map correspond to the average robust z-score of infection and are indicated in the accompanying scale. Columns (viruses) were clustered using one minus Pearson correlation and rows (targets) were clustered by Euclidean distance. The WNV capsidinteracting host protein PYM1 is indicated with an arrow. The complete screening dataset is provided in Supplementary Table 8 .
to viral RNA. We found that depletion of either PYM1 or MAGOH leads to decreased interaction of RBM8A and viral RNA (Fig. 6g ). Depletion of MAGOH also leads to reduced RBM8A, which may impact RBM8A binding to viral RNA ( Supplementary Fig. 8e ). Altogether, these data suggest that the EJC targets flavivirus RNA for NMD-mediated decay and that flavivirus capsids interact with PYM1 to interfere with this pathway.
Discussion
Here, we provide a complete APMS-generated, WNV-host PPI map. Our subsequent RNAi screen targeted a subset of factors in WNV, DENV and ZIKV infection to identify 40 proteins that interact with viral proteins and influence flavivirus infection (Figs. 2 and 4c; Supplementary Tables 2 and 8 ). We identified eight proteins, five proviral (CSDA, RDH11, UBAP2L, VCP and UBP15) and three antiviral (DDX55, GPATCH8 and PYM1), that both interacted with WNV proteins and had an effect on infection of all three flaviviruses. Of these eight proteins, five are RNA-binding proteins interacting with flavivirus capsids. These data underscore the importance of both flavivirus capsid-host protein interactions and RNA processing in flaviviral infection.
We focused on the interaction between PYM1 and WNV, DENV and ZIKV capsids and showed that PYM1 is antiviral (Figs. 4c and 5a-f; Supplementary Table 8 ) 14 . PYM1 interacts with the EJC proteins MAGOH and RBM8A and plays a role in NMD. In addition to PYM1, the EJC protein, MAGOH, and the canonical NMD factor, UPF1, are antiviral against WNV, DENV and ZIKV (Fig. 6b,c) . NMD targets accumulate during flaviviral infection ( Fig. 6a and Supplementary Fig. 7a ); altogether, these data suggest that NMD is an antiviral pathway that is antagonized by WNV. Our studies show that WNV infection interferes with the interaction between PYM1 and the EJC proteins MAGOH and RBM8A (Fig. 6d ), resulting in their mislocalization (Fig. 6e ). This suggests that the interaction of WNV capsid with PYM1 during infection prevents its association with MAGOH and RBM8A, thereby attenuating NMD.
Previous reports have indicated that tethering EJC proteins to RNA substrates results in degradation by NMD 16, 37 . We show that RBM8A binds viral RNA and that depletion of PYM1 diminishes this interaction, suggesting that PYM1 is required for this association ( Fig. 6f,g) . These data support a model in which NMD targets viral RNA through the EJC protein RBM8A and that WNV capsid subverts this response through interaction with PYM1. This prevents the recycling of the EJC and results in the sequestration of EJC proteins to diminish the interaction between the EJC proteins and viral RNA, as well as between EJC proteins and host mRNA NMD targets, resulting in the stabilization of both ( Supplementary Fig. 9 ). Previous studies have shown that haploinsufficiency of the EJC proteins MAGOH, EIF4A3 or RBM8A within the developing brain results in severe microcephaly [40] [41] [42] . ZIKV infection has been implicated in the development of microcephaly in foetuses and emerging 
Fig. 6 | NMD is inhibited by flaviviruses through targeting of the eJC and the eJC protein RBM8a binds to viral
RNa. a, U2OS cells were infected with the indicated viruses at an multiplicity of infection (MOI) of 10 and analysed at the indicated time points. Two endogenous targets of the NMD mRNA surveillance pathway (SC35, left panel; GABARAPL1, right panel) were analysed by RT-qPCR. Gene expression data (gene/18S) are normalized to uninfected controls. Shown is the mean ± s.e.m.; n equals three biologically independent experiments. Significance was calculated using the ratios of the target gene to the control gene and is indicated by * P < 0.05, ** P < 0.005 using an unpaired, two-tailed Student's t-test. b, Relative WNV, DENV and ZIKV viral RNA were normalized to glyceraldehyde 3-phospate dehydrogenase (GAPDH) RNA and measured in control cells (siCON) and MAGOH-depleted cells using two independent siRNAs (siMAGOH-1 and siMAGOH-2) at 24 h post-infection. Infections are normalized to cells treated with siControl (siCON). Shown is the mean ± s.e.m., n equals three biologically independent experiments. c, Relative WNV, DENV and ZIKV viral RNA was measured in control and UPF1-depleted cells using two independent siRNAs (siUPF1-1 and siUPF1-2) at 24 h post-infection. Infections are normalized to cells treated with siControl (siCON). Shown is the mean ± s.e.m., n equals three biologically independent experiments. For all experiments significance was calculated using the ratios of the target gene to the control gene and is indicated by *P < 0.05, ** P < 0.005, *** P < 0.0005 using an unpaired, two-tailed Student's t-test. d, Immunoprecipitation of PYM1 from uninfected or WNV Kunjin-infected U2OS cells. Results are representative of two biologically independent experiments. Mouse IgG light chain is detected below PYM1 in the PYM1-IP fraction and is indicated by (*). e, Cellular fractionation experiments show the relative abundance of MAGOH, RBM8A, PYM1 and WNV capsid in the whole cell lysate (WCL), cytoplasmic (Cyto), nuclear (Nuc) and membrane/ organelle (Mem) fractions between uninfected and WNV Kunjin-infected U2OS cells at 24 h post-infection. Tubulin (cytoplasm), Lamin B1 (nucleus) and AIF (mitochondria) are shown as fractionation markers and loading controls. The relative abundances of MAGOH and RBM8A were calculated by quantifying the bands using Quantity One software (Bio-Rad). For each compartment, the relative protein abundance in the uninfected sample was set to 1. Results are representative of two biologically independent experiments repeated with similar results. f, Antibodies specific for PYM1, MAGOH and RBM8A were used to immunoprecipitate native proteins from WNV Kunjin-infected cells. RNA was extracted from the eluates and associated viral RNA was measured by RT-qPCR (viral RNA/18S RNA). The viral RNA associated with the immunoprecipitated proteins was normalized to an IgG control. Shown is the mean ± s.e.m.; n equals three biologically independent experiments. Significance was calculated using the ratios of the viral RNA to 18S RNA using an unpaired, one-tailed Student's t-test and is indicated by *P < 0.05. g, An antibody specific for RBM8A was used to immunoprecipitate native proteins from control (siCON), PYM1-depleted (siPYM1) or MAGOH-depleted (siMAGOH), WNV-infected cells. RNA was extracted from the eluates and associated viral RNA was measured by RT-qPCR (viral RNA/18S RNA). The viral RNA associated with the immunoprecipitated proteins was normalized to an IgG control and to the relative input viral RNA. Shown is the mean ± s.e.m.; n equals three biologically independent experiments. Significance was calculated using an unpaired, one-tailed Student's t-test and is indicated by *P < 0.05, **P < 0.005.
research suggests that other neurotropic flaviviruses, including WNV, can result in similar foetal damage 43, 44 . Further studies are required to determine if the sequestration and altered localization of MAGOH and RBM8A during flaviviral infection contributes to the neurological defects in developing foetuses.
NMD is known to restrict some RNA viruses 32, 33, 45 . In some cases, viruses counteract the restrictive mechanism of NMD through interaction with the NMD protein UPF1 (refs. 33, 46 ). It is unknown in these cases whether the EJC plays a role in viral RNA recognition or degradation. Nevertheless, these data suggest a conserved antiviral role for this pathway 32, 33, 45 . Interestingly, other studies have shown that some viruses can hijack NMD or EJC factors to aid in viral translation, replication or infectious viral particle production 14, [47] [48] [49] . Our ongoing studies will allow us to further define the relationship between flaviviruses and NMD, as well as to explore additional mechanisms by which flaviviruses manipulate host cell processes.
Methods
Cells and viruses. HEK293 and U2OS cell lines were obtained from the American Type Culture Collections. All cultures were grown under standard conditions in Dulbecco's Modified Eagle Medium supplemented with 10% foetal bovine serum, 100 units of pencillin, 100 µg of streptomycin and 20 mM l-alanyl-l-glutamine dipeptide (GlutaMax, Gibco). HEK293 cells were transfected using X-treme GENE 9 (Roche Applied Science) according to the manufacturer's instructions. U2OS cells were transfected using Fugene HD (Promega) according to the manufacturer's instructions. BHK cells were maintained as previously described 9 . The WNV-KUNV isolate (CH16532; a generous gift of R. Tesh, World Reference Center of Emerging Viruses and Arboviruses, Galveston, TX) was propagated using the same protocol as WNV. DENV-2 (NGC from BEI), and ZIKV Mexico 2016 (Mex2-81; a generous gift from R. Tesh) were grown as previously described 50 . Viral titres were determined in BHK-21 cells by plaque assay.
Affinity purification and sample preparation for mass spectrometry. Viral bait proteins encoding a C-terminal 2X Strep II affinity tag were used for affinity purification and were derived from the following strains: WNV 2000-crow 3356, DENV serotype 2 16681, ZIKV French Polynesia 2013 H/FP/2013. Affinity purifications were performed as previously described 12 . Purified protein eluates were digested with trypsin for LC-MS/MS analysis. Samples were denatured and reduced in 2 M urea, 10 mM NH 4 HCO 3 , 2 mM DTT for 30 min at 60 o C, then alkylated with 2 mM iodoacetamide for 45 min at room temperature. Trypsin (Promega) was added at a 1:100 enzyme:substrate ratio and digested overnight at 37 o C. Following digestion, samples were concentrated using C18 ZipTips (Millipore) according to the manufacturer's specifications. Desalted samples were evaporated to dryness and resuspended in 0.1% formic acid for mass spectrometry analysis.
Mass spectrometry. Digested peptide mixtures were analysed by LC-MS/MS on a Thermo Scientific Velos Pro ion trap mass spectrometer system equipped with a Proxeon Easy nLC 1000 ultra-high-pressure liquid chromatography and autosampler system. Sample were injected onto a pre-column (2 cm × 100 μm internal diameter packed with ReproSil Pur C18-AQ 5 μm particles) in 0.1% formic acid and then separated with a 2-h gradient from 5% to 30% acetonitrile in 0.1% formic acid on an analytical column (10 cm × 75 μm internal diameter packed with ReproSil Pur C18-AQ 3 μm particles). The mass spectrometer collected data in a data-dependent fashion, collecting one full scan followed by 20 collision-induced dissociation MS/MS scans of the 20 most intense peaks from the full scan. Dynamic exclusion was enabled for 30 s with a repeat count of 1. The results raw data was matched to protein sequences by the Protein Prospector algorithm. Data were searched against the SwissProt Human protein sequence database (downloaded 6 March 2012) concatenated to a decoy database where each sequence was randomized to estimate the false positive rate. The searches considered a precursor mass tolerance of 1 Da and fragment ion tolerances of 0.8 Da, and considered variable modifications for protein N-terminal acetylation, protein N-terminal acetylation and oxidation, glutamine to pyroglutamate conversion for peptide N-terminal glutamine residues, protein N-terminal methionine loss, protein N-terminal acetylation and methionine loss, and methionine oxidation, and constant modification for carbamidomethyl cysteine. Prospector data were filtered using a maximum protein expectation value of 0.01 and a maximum peptide expectation value of 0.05.
Interactome scoring and visualization. The WNV interactome was compiled through selecting bait-prey pairs with a MIST score > 0.68, computed with the weights we previously established for HCV-host interactome: reproducibility (0.36), abundance (0.09) and specificity (0.55) 14, 51 . The network was also scored with the complementary CompPASS scoring algorithm 15 . Only the top 1% CompPASS weighted D-scores 15 per bait were included in the final iteration of the interactome. Any WNV protein for which we did not detect the bait protein in all the replicates analysed was excluded from further study. To simplify the interactome and analyses, we manually removed all ribosomal proteins. We used a database of known human-human protein interactions to overlay additional connections between host proteins to identify multiprotein complexes (CORUM) 52 . The final iteration of the WNV interactome was visualized as a network representation using Cytoscape, v.2.8.3 (ref. 53 ). The complete details of the scoring for the set of identified prey proteins, including the individual scores for the abundance, reproducibility and specificity, and the final interactome can be found in Supplementary Tables 1 and 2 .
Enrichment analysis. For each given gene list, pathway and process enrichment analysis was carried out with one or more of the following ontology sources: KEGG pathway, gene ontology biological processes, gene ontology molecular function, reactome gene sets, canonical pathways and CORUM. All genes in the human genome were used as the enrichment background. Terms with P < 0.01, minimum count 3 and enrichment factor >1.5 (enrichment factor is the ratio between observed count and the count expected by chance) were collected and grouped into clusters based on their membership similarities. More specifically, P values were calculated based on accumulative hypergeometric distribution and q values were calculated using the Benjamini-Hochberg procedure to account for multiple testing 54 . Kappa scores were used as the similarity metric when performing hierarchical clustering on the enriched terms; subtrees with similarity >0.3 were considered a cluster. The most statistically significant term within a cluster was chosen as the representative category for each cluster. All analyses and visualization were carried out using Metascape (http://metascape.org/gp/index.html#/main/step1). A detailed list of all terms, results and statistics for each analysis are provided in the supplementary data (Supplementary Tables 3, 6 and 7) . siRNA screening. U2OS cells were seeded at 2,000 cells per well in 50 µl media per well in a 384-well plate for siRNA knockdown. Two siRNAs for each selected host target (Ambion Silencer Select) were transfected with HiPerFect (Qiagen) according to manufacturer recommendations at a final siRNA concentration of 20 nM. Cells were infected 3 days after knockdown, at a density of 16,000 cells per well. WNV, DENV and ZIKV infections were done at an MOI of 0.01. Infectivity was measured 24 h post-infection by immunostaining and automated microscopy. Cells were fixed with 4% formaldehyde for 10 min, permeabilized with 0.1% Triton X-100 for 15 min, washed three times with PBS and blocked with 2% BSA in PBS-T. Cells were stained overnight with the mouse 4G2 (anti-envelope) antibody (1:4,000 for DENV and ZIKV, 1:12,000 for WNV Kunjin). Cells were washed three times with 2% BSA in PBS-T and incubated with 5 μg ml -1 Hoechst 33432 to identify nuclei and with an Alexa-Fluor-488-conjugated α-mouse secondary antibody (1:1,000) for 1 h at room temperature. Cells were washed three times with 2% BSA in PBS-T and imaged in 50 μl PBS. Four sites per well were imaged at ×20 magnification (ImageXpress Micro; Molecular Devices), and two wells were analysed for each condition for each replicate. Each screen was performed in duplicate. Automated image analysis (MetaXpress; Molecular Devices) was used to segment the images and determine the number of 4,6-diamidino-2-phenylindolepositive and 488-positive cells. The percentage of infected cells was calculated, averaged for the four sites in each well and log transformed. The plate median and interquartile range were calculated and used to calculate a robust z-score for each well using the following equation 55 : (log 10 (%infection) − log 10 (median)/ (IQR × 0.74), where IQR is the interquartile range. The robust z-scores for the experimental replicates were averaged and candidates were identified as positive if the averaged robust z-score was <−1.3 or >1.3. Cytotoxic candidates were identified based on nuclei counts and those with a >30% decrease in cell number as compared to the average cell count were excluded from further study. The complete screening results and a complete list of siRNAs used in this study can be found in Supplementary Tables 8 and 9 .
RNA isolation and RT-qPCR. Total cellular RNA was isolated using Trizol (Thermo Fisher Scientific), purified and DNase-treated using RNA Clean & Concentrator (Zymo) per manufacturer's instructions. Complimentary DNA was synthesized using 1 µg of input RNA using random hexamer primers (Life Technologies) with moloney murine leukaemia virus reverse transcriptase (M-MLV-RT, Invitrogen) in a total volume of 20 µl. cDNA reactions were diluted 1:5 and 20 µl of each diluted sample was used to make a pooled reference. The pooled reference was used for subsequent 10-fold dilutions to generate a standard curve for all targets being measured. cDNA reactions were further diluted 1:5 (1:25 total dilution) and SYBR green reactions contained 5 μl of 2x Maxima SYBR green/Rox qPCR Master Mix (Thermo Fisher Scientific), 5 μl of diluted cDNA and 5 pmol of both forward and reverse primers. The RNA targets indicated in each figure were quantified by qPCR and the relative abundance of each target was calculated using the standard curve. The relative values for each transcript were normalized to a control RNA (18S ribosomal RNA or GAPDH) and compared between experimental conditions. A complete list of primers used for RT-qPCR is provided in Supplementary Table 10 .
Virus titres. U2OS cells were treated with control or gene-specific siRNAs in 6-well plates and infected with WNV, DENV or ZIKV at 48 h post-treatment with the indicated MOI. Media were aspirated, cells were washed three times in PBS and fresh media were added at 4 h post-infection. At 24 h post-infection, supernatants were collected from infected cells. Viruses were titered by infecting BHK cells plated in 96-well plates with 10-fold dilutions of viral supernatant and infected for 48 h. Cells were fixed with 4% formaldehyde for 10 min, permeabilized with 0.1% Triton X-100 for 15 min, washed three times with PBS and blocked with 2% BSA in PBS-T. Cells were stained overnight with the mouse 4G2 (anti-envelope) antibody (1:4,000 for DENV and ZIKV, 1:12,000 for WNV Kunjin). Cells were washed three times with 2% BSA in PBS-T and incubated with 5 μg ml -1 Hoechst 33432 to identify nuclei and with an Alexa-Fluor-488conjugated α-mouse secondary antibody (1:1,000) for 1 h at room temperature. Cells were washed three times with 2% BSA in PBS-T and imaged in 50 μl PBS to calculate TCID 50 values.
Co-immunoprecipitations and immunoblots. C-terminally Strep II-tagged WNV 2000-crow 3356, DENV serotype 2 16681 or ZIKV H/FP/2013 capsid and C-terminally V5-tagged PYM1 or DDX55 (from the Human Orfeome Collection 56 ) were ectopically expressed in HEK293 and cells were lysed in IP buffer (150 mM NaCl, 50 mM Tris pH 7.4, 1 mM EDTA, 0.5% NP40 substitute, supplemented with protease inhibitor cocktail (Sigma)). Lysates were clarified by centrifugation at 10,000 r.p.m. at 4 °C for 10 min. Clarified lysates were incubated with 20 µl Strep-Tactin resin (IBA) overnight at 4 °C to immunoprecipitate tagged viral proteins. Beads were washed three times in IP buffer and bound proteins were eluted with 1X Strep-Tactin Elution Buffer (IBA). Eluates were resuspended in 2X SDS loading buffer for SDS-PAGE and proteins were detected by western blotting using α-Strep (Abcam) and α-V5 (Bethyl) antibodies. To detect the interaction of WNV capsid and PYM1 in the context of viral infection and to test if WNV infection disrupts the interaction between PYM1 and MAGOH or RBM8A, U2OS cells were infected with WNV virus (MOI = 5) for 24 h, washed three times with PBS and lysed in IP buffer. The cellular lysates were clarified and endogenous PYM1 was immunoprecipitated by α-PYM1 antibody (Novus) with Protein A/G Agarose beads (Thermo Fisher Scientific) overnight at 4 °C. The beads and bound proteins were washed three times in IP buffer and eluted with 0.2 M glycine pH 2.5 buffer, followed by neutralization with 1 M Tris pH 9 buffer. The eluates were resuspended in 2X SDS loading buffer and analysed by western blotting with the indicated antibodies.
Cellular fractionation experiments. U2OS cells infected with WNV virus
(MOI = 5) were harvested at 12 h, 24 h and 36 h post-infection. Cellular fractionation experiments were performed by using a Cell Fractionation Kit (Cell Signalling) per manufacturer's instruction. Briefly, cells were trypsinized and resuspended in 500 µl cold PBS. One of the aliquots (100 µl) was mixed with 6X SDS loading buffer, sonicated and then boiled as the WCL. The remaining 400 µl cell suspension were pelleted and first lysed in Cytoplasm Isolation Buffer supplemented with phenylmethylsulfonyl fluoride (PMSF) and protease inhibitors. After centrifugation for 5 min at 500g, the supernatant was saved as the cytoplasmic fraction. The pellet was then resuspended in Membrane Isolation Buffer and incubated on ice for 5 min. After centrifugation for 5 min at 8,000g, the supernatant was removed and saved as the membrane and organelle fraction. The pellet was incubated with Cytoskeleton/Nucleus Isolation Buffer (CyNIB) and sonicated as the cytoskeletal and nuclear fraction. Cell lysates from each fraction were loaded into SDS-PAGE and protein abundance was analysed by western blotting.
RNA immunoprecipitations. U2OS cells were infected with WNV at an MOI of 5. Twenty-four hours post-infection, cells were trypsinized and subjected to ultraviolet crosslinking. Cells were then lysed in Buffer A (30 mM Hepes at pH 7.4, 2 mM MgOAc, 0.1% NP40) and 150 mM KOAc supplemented with 1 mM dithiotreitol, PMSF, protease inhibitors and RNaseOUT Recombinant Ribonuclease Inhibitor (Invitrogen). Cell lysates were incubated with Protein A/G Agarose beads (Thermo Fisher Scientific) at 4 °C for 1 h with rotation. The precleared cell lysates were incubated with Protein A/G Agarose beads and specific antibodies or IgG control overnight at 4 °C. After washing five times with Buffer A and 150 mM KOAc, the bead-bound proteins were eluted with 0.2 M glycine pH 2.5 buffer and then neutralized with 1 M Tris pH 9 buffer. Trizol reagent was added to eluates to extract RNA and the abundance of WNV RNA associated with PYM1, MAGOH or RBM8A was analysed by RT-qPCR. The beads were resuspended in 2X SDS loading buffer and boiled for western blotting.
Confocal microscopy. U2OS cells were plated into 12-well plates on glass coverslips at a density of 50,000 cells per well. After 24 h, cells were infected with the indicated viruses at the indicated MOI for 24 h. Cells were fixed with 4% formaldehyde, permeabilized for 10 min with 0.1% Triton X-100 and stained overnight at 4 °C with the indicated antibodies. Coverslips were washed three times in PBS-T and incubated with 5 μg ml -1 Hoechst 33432 to identify nuclei and with Alexa-Fluor-488 or 594-conjugated secondary antibodies (1:1,000) for 1 h at room temperature. Coverslips were washed three times with 2% BSA in PBS-T and mounted on glass slides using Vectashield (Vector Laboratories). Images were captured using oil immersion with a ×63 objective lens with a Leica DM5500 Q confocal microscope.
RNAi, transfection and infection studies.
For RNAi experiments, 200,000 U2OS cells were plated in a 6-well plate, and siRNAs were transfected using HiPerFect (Qiagen) according to manufacturer's recommendations at a final concentration of 20 nM and incubated for 48-72 h. Cells were infected with WNV, DENV or ZIKV at the MOIs and time points indicated in the figure legends. Following infection, cells were collected in 1 ml Trizol for RT-qPCR experiments or washed three times in PBS and resuspended in 1 ml IP buffer for western blotting. For transfection experiments, 200,000 U2OS cells were plated in a 6-well plate and the indicate vectors were transfected using Fugene HD (Promega) and incubated for 48 h. Following transfection, cells were collected in 1 ml Trizol for RT-qPCR experiments or washed three times in PBS and resuspended in 1 ml IP buffer for western blotting.
Antibodies. The following antibodies were used: α-Strep tag (Abcam, ab184224), α-FLAG tag (Sigma, F7425), α-V5 (Bethyl, A190-120A), α-tubulin (Sigma, T6199), α-WNV capsid (Abcam, ab21673), α-WNV capsid (Genetex, GTX131947), α-WNV capsid (Sigma, SAB3500912), α-DENV capsid (Genetex, GTX103343), α-ZIKV capsid (Genetex, GTX133317), α-fibrillarin (Thermo Fisher Scientific, AMSA6771), α-fibrillarin (Cell Signalling Technologies, 2639S), α-DDX55 (Bethyl, A303-027A), α-PYM1 (Novus, NBP2-46366), α-MAGOH (Santa Cruz, sc-56724), α-RBM8A (Sigma, HPA018403), α-AIF (Cell Signalling, 5318S), α-Lamin B1 (Abcam, ab231282). The α-flavivirus glycoprotein (4G2) hybridoma was provided by M. Diamond (Washington University). Alexa-Fluor fluorescent secondary antibodies were from Life Technologies. HRPconjugated secondary antibodies (α-mouse or α-rabbit) were from Amersham.
Plasmids.
Open reading frames from strains WNV NY 2000-crow 3356 (capsid, prMEΔTM2, NS1, NS2A, NS2B, NS2B_3, NS3, NS4A, NS4B, NS5), DENV 16681 (capsid), ZIKV H/FP/2013 (capsid) were cloned into pCDNA4_TO with a C-terminal 2X Strep II affinity tag for expression in human cells (vectors provided by N.J. Krogan). Codon optimization for human codon usage was employed to improve expression of poorly expressing viral ORFs. The PYM1 and DDX55expressing vectors with C-terminal V5 tags were obtained through the Human Orfeome Collection 56 .
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
Data availability
Mass spectrometry data in this study are deposited in the PRIDE database (https:// www.ebi.ac.uk/pride/archive/, Project Accession no. PXD011728). A complete list of interaction scores are provided in Supplementary Tables 1, 2 and 5. Gene ontology enrichment analyses are provided in Supplementary Tables 3, 6 and 7. Interactors found in previous flavivirus proteomic or genetic studies are detailed in Supplementary Table 4 . RNAi screening data are provided in Supplementary  Table 8 . Additional supporting data are available from the corresponding authors upon request.
Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted Our web collection on statistics for biologists may be useful.
Software and code
Policy information about availability of computer code
Data collection
Provide a description of all commercial, open source and custom code used to collect the data in this study, specifying the version used OR state that no software was used.
Data analysis
The results of the the raw mass spectrometry data were matched to the Protein Prospector algorithm (http://prospector.ucsf.edu/ prospector/mshome.htm) and data were searched against the SwissProt Human protein sequence database (downloaded March 6, 2012). Interactor scoring was determined using the MiST (https://github.com/kr oganlab/mist) and compPASS algorithms (http:// bioplex.hms.ha rvard.edu/download Comppass.php). The WNV-host protein-protein interaction network was generated using Cytoscape (version 2.8.3, Smoot et al., 2011) and host protein complexes were derived using CORUM (http://mips.helmholtz-muenchen.de/ corum/). Heat maps depicting Gene Ontology terms and associated significance values were analyzed and visualized using Metascape (http://metascape.org/gp/index.html#/main/step1). The heat map generated from siRNA screening data was visualized and analyzed using Morpheus (https://software.broadinstitute.org/morpheus/). For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
